PAN Nanofibers and Nanofiber Reinforced Composites by Ren, Cheng
University of Nebraska - Lincoln 
DigitalCommons@University of Nebraska - Lincoln 
Mechanical (and Materials) Engineering -- 
Dissertations, Theses, and Student Research 
Mechanical & Materials Engineering, 
Department of 
Summer 8-2013 
PAN Nanofibers and Nanofiber Reinforced Composites 
Cheng Ren 
University of Nebraska-Lincoln, chengren@huskers.unl.edu 
Follow this and additional works at: https://digitalcommons.unl.edu/mechengdiss 
 Part of the Mechanics of Materials Commons, Nanoscience and Nanotechnology Commons, Other 
Engineering Science and Materials Commons, and the Polymer and Organic Materials Commons 
Ren, Cheng, "PAN Nanofibers and Nanofiber Reinforced Composites" (2013). Mechanical (and Materials) 
Engineering -- Dissertations, Theses, and Student Research. 59. 
https://digitalcommons.unl.edu/mechengdiss/59 
This Article is brought to you for free and open access by the Mechanical & Materials Engineering, Department of at 
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Mechanical (and Materials) 
Engineering -- Dissertations, Theses, and Student Research by an authorized administrator of 
DigitalCommons@University of Nebraska - Lincoln. 
 PAN NANOFIBERS AND NANOFIBER REINFORCED COMPOSITES 
 
by 
 
Cheng Ren 
 
 
A THESIS 
 
 
Presented to the Faculty of 
The Graduate College at the University of Nebraska 
In Partial Fulfillment of Requirements 
For the Degree of Master of Science 
 
Major: Mechanical Engineering and Applied Mechanics 
 
Under the Supervision of Professor Yuris Dzenis 
 
Lincoln, Nebraska 
 
August, 2013 
PAN NANOFIBERS AND NANOFIBER REINFORCED COMPOSITES 
Cheng Ren, M.S.  
University of Nebraska, 2013 
Adviser: Yuris Dzenis 
 
        Nanomaterials play an important role in the development of nanotechnology. They 
possess unique mechanical, physical, and chemical properties coupled with small size 
and ultrahigh surface area that can provide critical advantages for applications. 
Continuous nanofibers attract special interest due to their dual nano-macro nature and 
ability to bridge scales. Nanofibers are being considered for a broad range of applications 
spanning advanced filters, separation membranes, ultrasensitive sensors, micro/nano 
actuators, nanoprobes, tissue engineering scaffolds, protective and smart closing, and 
multifunctional composites. Most of these applications require certain mechanical 
properties and robustness. However, the literature on the mechanical behavior of 
nanofibers and their assemblies and composites is very sparse. The objective of this thesis 
was to manufacture and study the mechanical behavior of nanofiber networks and 
nanofiber reinforced composites with several nanofiber orientation distributions. Uniform 
diameter ployacrylonitrile (PAN) nanofibers were manufactured using electrospinning 
technique. In order to find the optimum manufacturing conditions, the effects of several 
electrospinning process parameters on PAN nanofiber diameters and orientation 
distributions were analyzed systematically experimentally. Nanofiber morphologies were 
examined and statistically quantified by scanning electron microscopy. Non-linear 
mechanical properties of single nanofibers and aligned and random nanofiber networks 
were investigated and compared. Aligned and random PAN nanofiber reinforced 
composites were fabricated and their anisotropic fracture properties were evaluated 
experimentally for the first time. It was shown that a small amount of nanofiber 
reinforcement produced significant improvements in fracture toughness of epoxy-based 
nanocomposites. The results of this study can be used in the development of nanofibrous 
materials and applications requiring a degree of mechanical robustness. 
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CHAPTER 1  
INTRODUCTION 
 
 
1.1 Nanotechnology 
        Nanoscale science and technology is a relatively new area of research. It focuses on 
things that are measured in nanometers. In the past several decades, scientists have 
developed tools and methods that help better understanding the fundamental aspects of 
the world [1-3].  
        A nanometer is a billionth of a meter. The great potential of nanoscale objects stems 
from their tiny size. Things have different properties at the nanoscale, which allows 
scientists and engineers to create new materials and devices [4-7]. 
        “Nanotechnology is the manipulation of matter with at least one dimension sized 
from 1 to 100 nanometers (nm)”, as defined by the National Nanotechnology Initiative 
[10]. The structures at nanoscale behave differently from atoms or bulk materials. The 
reasons are quantum effects, size effects, and large surface-to-volume ratio or interface-
to-volume ratio [11-13]. It is possible to control properties of materials (mechanical, 
thermal, electrical, magnetic, optical etc.) by changing their nanoscale structure. 
Materials which are developed at nanoscale usually have some superior properties as 
compared with general materials. These high-performance materials can be used in a 
variety of new products. For example, the high surface-to-volume ratio of nanomaterials 
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can be used in composites, chemical reactions, drug delivery, and energy storage. 
Nanosized catalysts will increase the efficiency of chemical reactions [14-16]. 
        Nanotechnology is expected to significantly redevelop existing technologies and 
create new industries. The fields of science that are involved in nanotechnology are 
diverse and very broad and include surface science, organic chemistry, molecular biology, 
semiconductor physics, microfabrication, etc. [17]. Major research areas are synthesis, 
characterization and integration of nanomaterials. A great demand for the 
nanotechnology research (Figure 1.1) and development of new nanomaterials is fueled by 
the broad variety of potential applications in both industry and military [18-20]. 
Governments have invested billions of dollars in research on nanotechnology [21-24]. As 
reported in April 2012, the USA has invested 3.7 billion dollars through its National 
Nanotechnology Initiative, while the European Union has invested 1.2 billion and Japan 
has invested 750 million dollars [25].  
 
 
Figure 1.1: Publications related to nanotechnology from 2000 to 2012. Data is from Web 
of Science. 
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1.2 Nanomaterials  
        Nanomaterials are an important subset of nanotechnology. A nanomaterial is a 
material with at least one dimension less than 100 nm [26]. The definition of a 
nanomaterial from European Commission on 18 October 2011 is as follows: “A natural, 
incidental or manufactured material containing particles, in an unbound state or as an 
aggregate or as an agglomerate and where, for 50% or more of the particles in the number 
size distribution, one or more external dimensions is in the size range 1 nm to 100 nm. In 
specific cases and where warranted by concerns for the environment, health, safety or 
competitiveness the number size distribution threshold of 50% may be replaced by a 
threshold between 1 and 50%.” [27] 
        Nanomaterials have many unique features such as unique physical and chemical 
properties, small size coupled with high specific surface area, and quantum confinement. 
Scientists create useful materials, devices and systems through control of matter in the 
nanometer length scale and explore novel properties and phenomena developed at that 
scale [32]. 
Nanomaterials can be classified as zero-dimensional nanomaterials (i.e. 
nanoparticles, nanoclusters and nanodots), one-dimensional nanomaterials (i.e. 
nanofibers, nanotubes and nanowires) and two-dimensional nanomatierals (i.e. 
nanoplatelets and nanofilms) [28-30].  
Figure 1.2A shows models wearing garments made of fibers coated with nano-sized 
bits of metal. SEM image of these fibers is shown in Figure 1.2B. As a result of the 
nanoparticle coating, the clothes were resistant to dirt, allergens and even broke down 
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harmful pollution before it reaches the wearer's skin [31]. 
 
 
Figure 1.2: Smart clothing runway show and SEM image of cloth fiber with coated 
nanoparticles [31] 
  
 
1.3 Nanocomposites 
        Conventional composites are solid materials composed of two or more constituents 
combined to offer users the specific properties they required. Usually, they are composed 
of a matrix and reinforcements of different types. 
Nanocomposites are composites where at least one constituent has at least one 
dimension smaller than 100 nm [33]. Natural nanocomposites can be found in the 
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structure of the abalone shell and bone. Nanocomposites can be classified as polymer 
matrix nanocomposites, metal matrix nanocomposites and ceramic matrix 
nanocompostes, based on the type of matrix. Compared to conventional composites, 
interphases in nanocomposites play a dominant role and affect their macroscopic 
properties. The reinforcing material can be made up of nanomaterial in zero, one or two 
dimensional form [34,35]. The area of the interface between the matrix and reinforcement 
phase(s) is significantly larger than that of conventional composites. 
        The applications of nanocomposites include structural materials with improved 
mechanical properties, electronic materials, magnetic materials, biomedical materials, 
photonics, high-performance coating and catalysts [36-39].  
Figure 1.3 illustrates the usage of polymer nanocomposites parts in a Toyota motor 
vehicle. The main advantages for using polymer nanocomposite parts in the automotive 
industry are: reducing vehicle's weight, improving engine efficiency, saving fuel, 
increasing safety [41]. 
 
 
Figure 1.3: Illustration of the usage of polymer nanocomposites parts [41] 
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        Currently, one-dimensional (1D) and two-dimensional (2D) nanomaterials attract 
high interest for use as nanoreinforcement in nanocomposites. 1D carbon nanotubes show 
high promise, but their processing into nanocomposites has not yet been successful due to 
their discontinuity [40]. Polymer nanofibers can be continuous and their high mechanical 
and other properties show big advantages over nanoreinforcement [39].  
The current experimental and theoretical works on polymer nanocomposites mainly 
focus on relationships between effective properties (such as modulus and 
thermomechanical characteristics) and properties of constituents (polymer matrix and 
reinforcement), volume fraction of components, shape and arrangement of reinforcement, 
and interaction between matrix and reinforcement [42]. Limited research has been 
performed on mechanical properties of random nanofiber reinforced polymer 
nanocomposites, however aligned nanofiber reinforced polymer nanocomposites have not 
yet been investigated. 
 
 
1.4 Electrospinning 
        Electrospinning, also known as electrostatic spinning, is a method to produce 
superfine fibers with diameters from less than 10 nm to over 1 μm [43]. Conventional 
mechanical fiber spinning techniques cannot produce fibers with diameters smaller than 2 
μm [56]. Electrospinning has gained increased attention in the last decade due to a 
surging interest in nanotechnology (Figure 1.4). With the help of electrical charge, this 
process can draw very fine fibres from a liquid and does not require the use of 
7 
 
 
coagulation chemistry or high temperatures. It is considered the simplest and most 
effective technology to produce continuous polymer nanofibers from polymer solutions 
or melts in high electric fields [44-46].  
 
 
Figure 1.4: Publications related to electrospinning from 2000 to 2012. Data is from Web 
of Science. 
 
1.4.1 History 
        The origin of electrospinning as a viable fiber spinning technique can be traced back 
to 1900s. In 1914, John Zeleny published an article on electrified jet [47]. A series of 
patents from Anton Formhals were awarded later. The first patent related to the process 
for producing polymer filaments using electric charges appeared in 1934 [48]. In 1939, 
Formhals refined the previous method to give more drying time for the electrospun fibers 
[49-51]. In 1940, he patented another approach to produce composite fiber webs from 
multiple polymers and fiber substrates by electrostatically spinning polymer fibers on a 
moving base substrate [52]. In the 1960s, fundamental studies on the jet forming process 
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were initiated by Taylor. His finding was later referred to by other researchers as the 
“Taylor Cone”. In 1971, electrospun acrylic nanofibers with diameters ranging from 500 
to 1100 nm were produced by Baumgarten [53]. However, it was not until two decades 
later that the great application potential of nanofibers in different areas has been realized 
[54]. Research on nanofibers gained a milestone with the work of Doshi and Reneker 
[55]. Recently, over 200 universities and research institutes were studying various aspects 
of the electrospinning process worldwide [60]. In Dzenis’ group, there is intensive on-
going research work on electrospinning, including process analysis and modeling, 
nanofiber testing and optimization, design, modeling, and experimental evaluation of 
nanofiber applications [56-59].  
 
1.4.2 Electrospinning Process 
        A typical electrospinning process setup is shown in Figure 1.5. It consists of three 
major components: a high-voltage power supply, a spinneret (a metallic needle) and a 
collector (a grounded conductor) [61]. The polymer solution is contained in a syringe. In 
order to get a constant and controllable solution feed rate, a syringe pump should be used. 
The collector can be made of any shape for specific requirements, such as a flat plate, 
rotating drum, etc. 
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Figure 1.5: A setup for electrospinning [61] 
 
        The drop of polymer solution at the nozzle will become highly electrified, when a 
high voltage is applied. The range of voltage is usually from 1 kV to 30 kV. There are two 
types of electrostatic forces involved in electrospinning: the electrostatic Coulombic 
repulsion between the charges embedded in different jet segments and the guiding 
electric force applied by the external electric field [62-64]. When the strength of electric 
field reaches a critical value required to overcome the surface tension of the liquid, a jet 
of liquid is ejected from the nozzle. As the jet travels through the atmosphere, the solvent 
evaporates. As a result, a long and thin thread can be generated on the collecting device 
[65-67]. The charged fibers are often in a random nonwoven mat form. 
        The following parameters and processing variables affect the electrospinning 
process [68]:  
(1) System parameters such as molecular weight, molecular-weight distribution and 
conformation (branched, linear, etc.) of the polymer and various properties of solution 
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like concentration, conductivity and surface tension. 
(2) Process parameters such as strength of applied electric field, feeding rate, 
concentration of polymer solution, distance between the needle and collector, needle 
gauge, spinning environment (temperature, humidity and air velocity in the chamber) and 
finally motion of target screen. 
 
1.4.3 Mechanisms of Electrospinning 
        Although the setup for electrospinning is straightforward, the spinning mechanism is 
rather complicated [61]. As the techniques improved, recent experimental observations 
demonstrated that the thinning of a jet during electrospinning is mainly caused by the 
bending instability [72-75]. However, before 1999, it was believed that a single jet 
splitting or splaying into multiple thin fiber filaments due to radial charge repulsion was 
the spinning mechanism [69-71]. 
Figure 1.6A illustrates the photograph of a spinning jet [76]. It shows that the jet 
flew away from the droplet in a nearly straight line and then became unstable. The 
instability region appears to be composed of multiple jets that led early researchers to 
believe that the original liquid jet splits into multiple branches. Figure 1.6B establishes 
however that the conical envelope contains only a single bending thread [77]. This photo 
was taken by using high-speed photography, while conventional photography (Fig. 1.6A) 
could not properly resolve this due to high velocities of the moving bent jet segments 
[61].  
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Figure 1.6: Photographs illustrating the instability region of an electrospun liquid jet [61]. 
The capture time was on two different time scales: A. 1/250 s, and B. 18 ns, respectively. 
 
1.4.4 Advantages of Electrospinning 
        Compared to most bottom-up methods, the major advantage of this top-down 
process is relatively low cost. The resulting nanofibers are often uniform and continuous. 
Electrospinnging can be used to generate nanofibers from hundreds of polymers. So, this 
process has unique potential for producing cost-effective continuous nanofibers and 
manufacturing of two- and three-dimensional nanofiber assemblies [56]. 
 
 
1.5 Electrospun Nanofibers 
        Fiber mechanical properties are known to substantially improve with a decrease in 
the fiber diameter [79-83]. Nanofibers prepared by electrospinning are continuous fibers 
with diameters between 2 nm and 5000 nm. They are usually characterized by solid 
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interior and smooth surface and are expected to possess high axial strength. Nanofibres 
provide a connection between the nanoscale world and the macroscale world, since their 
diameters are in the nanometer range and the length is continuous (i.e. theoretically 
infinite) [84]. At present, nanofibers are attracting very high interest (Figure 1.7) due to 
their remarkable micro and nano structural characteristics, high porosity and inherently 
large total surface area. 
 
 
Figure 1.7: Publication search on “electrospun nanofiber/nanofibers” from the Web of 
Science 
 
        Figure 1.8 SEM images illustrate various types of electrospun nanofibers: (A) 
comparison of commercial advanced carbon fiber (one of the smallest advanced fibers) 
and electrospun continuous nanofibers, (B) vapor-grown carbon nanofibers, (C) uniform 
electrospun carbon nanofibers, (D) highly aligned nanofibers, (E) aligned and orthogonal 
nanofibers, (F) cross section of nanocrystalline zirconia nanofiber. [56] 
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Figure 1.8: SEM images of nanofibers [56] 
 
1.5.1 Applications of Electrospun Nanofibers 
        Electrospun nanofibers are currently considered for a broad variety of applications. 
The following applications are examples: 
 Medical: artificial organ components, tissue engineering [85,86], implant material 
[87,88], drug delivery [89,90] , wound dressing, medical textile materials. 
 Protective materials: sound absorption materials, protective clothing [91,92] for 
chemical and biological warfare agents protection, sensor applications [93] for 
detecting chemical agents.  
 Textile: sport apparels, sport shoes, climbing, rainwear, outerwear garments, baby 
diapers. 
 Filtration (Figure 1.9): air, oil, fuel filters for automotive, filters for beverage, 
pharmacy, medical applications. [94]  
 Energy generation: electrostatic dissipation, solar sails, electromagnetic 
interference shielding, photovoltaic device, fabrication of tiny electronic devices. 
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[47] 
 
 
Figure 1.9: Application of nanofibers in filtration 
 
In limited laboratory studies to date, nanofibers have been used as reinforcement in 
composite materials. Because of the high surface to volume ratio, use of nanofibers in 
composites may significantly increase the interaction between the fibers and the matrix 
material [73]. In Dzenis’ group, nanofibers were applied as nanoreinforcement between 
plies of the traditional advanced composites laminates to improve interlaminar fracture 
toughness and suppress delamination (Figure 1.10). It was reported that nanofibers could 
significantly reinforce and toughen interfaces in advanced laminated composites [95].  
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Figure 1.10: Nanoreinforcement between plies of the traditional composites laminates 
[95]  
 
1.5.2 Aligned Electrospun Nanofibers 
        Because of the jet bending instability, electrospun nanofibers are normally produced 
as randomly oriented structures in the form of nonwoven mats. As discussed earlier, these 
nanofibers can be applied in many areas, such as: medical, textile, filtration, protective 
materials, and energy generation. However, in many applications, such as composite 
reinforcement and device manufacture, highly ordered structures are desired. Recent 
studies have shown that aligned nanofiber sheets have improved mechanical properties 
compared to randomly oriented nanofibers [96-98].    
Several approaches have been tried to generate aligned electrospun fibers, including:  
spinning onto a rotating drum or onto the sharp edge of a thin rotating wheel, using an 
auxiliary electrode or electrical field, quickly oscillating a grounded frame within the jet, 
and using a metal frame as a collector [99,100]. These methods still need to be further 
developed to optimize the degree of alignment. In Xia’s group, a simple method for 
producing aligned nanofibers was demonstrated [101]. The grounded collector was 
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replaced by two conductive collectors separated by a gap as shown in Figure 1.11.  
 
 
Figure 1.11: Setup for generating aligned nanofibers [101] 
 
        The mechanism of alignment in the latter method can be ascribed to electrostatic 
interactions [102]. The gap changes the structure of the external electric field and creates 
electrostatic forces promoting jet segment orientation and resulting in nanofibers 
spanning the gap.  
 
1.5.3 Mechanical Properties of Nanofibers, Nanofiber Assemblies, and Nanofiber 
Reinforced Composites 
Mechanical properties of nanofibers are important for many applications. So far, 
most studies focused on bundles of nanofibers [108]. Only limited numbers of studies 
were conducted on individual nanofibers.  
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        In general, it can be expected that nanofiber strength and modulus would increase 
with their diameter decrease. This is due to better structural alignment and reduced size 
and probability of flaws in finer fibers. In most structural materials and fibers, the 
properties of strength and toughness are mutually exclusive [109]. Usually, increased 
strength is accompanied with decreased toughness. In a recent breakthrough from Dzenis’ 
group, it was shown that nanofibers toughness can also increase [108].  
Figure 1.12 compares strength and toughness of as-spun PAN nanofibers with 
properties of some commercial and developmental fibers and structural materials [108]. It 
can be seen that the properties of most structural materials and fibers are within the 
shaded area, showing the trade-off relationship between strength and toughness. Ultrafine 
electrospun nanofibers exhibited extremely high strength, modulus and toughness 
simultaneously. (The arrow color density indicates nanofiber diameter values.) This 
discovery has high potential for structural and composite applications of nanofibers. 
 
 
Figure 1.12: Comparison of specific strength and specific energy to failure of as-spun 
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PAN nanofibers (diamonds) with typical values for commercial and developmental fibers 
and materials [108] 
 
        Despite the importance, mechanical properties of nanofiber networks and nanofiber 
reinforced composites have not yet been systematically studied. Mechanical behavior of 
networks, although builds on single fiber properties, is much more complex as it may 
involve several non-linear effects such as evolution of nanofiber orientation, contact and 
nanofiber breaks accumulation, etc. This behavior needs to be better understood for 
nanofiber applications.  
 
 
1.6 Summary and Problem Formulation    
        Electrospinning provides a simple, straightforward, effective method for producing 
continuous nanofibers. Electrospun nanofibers have attracted large attention in recent 
years, due to their remarkable micro and nano structural characteristics, high porosity and 
inherently large total surface area. They are being considered for many applications 
including medical, textile, filtration, protective materials, and energy generation. 
Research interest in aligned oriented nanofibers is growing because of the requirements 
for highly ordered nanofiber assemblies in many applications. 
        However, reaching high alignment degree is still a big challenge for electrospinning 
and nanofiber researchers. Also, there is limited published work focused on mechanical 
properties of nanofiber mats and no comparative studies of random and aligned nanofiber 
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assemblies have been found in the literature. Mechanical properties of nanofibers and 
nanofiber reinforced composites are important for most applications and need to be better 
understood. So far, there was no systematic experimental study of nanofiber composites. 
In particular, there have been no studies on their anisotropic fracture properties.  
        Based on the review above, the following objectives of this research were 
formulated: 
 Fabricate continuous, uniform diameter ployacrylonitrile (PAN) nanofibers using 
electrospinning technique. 
 Study effects of electrospinning process parameters on nanofiber diameter, 
uniformity, and orientation. 
 Analyze and compare mechanical behavior of single nanofibers, and aligned and 
random nanofiber networks. 
 Investigate fracture properties of aligned and random nanofiber reinforced 
nanocomposites.  
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CHAPTER 2  
PAN NANOFIBER MANUFACTURING 
 
 
        There are several parameters affecting electrospinning process. In order to find the 
optimal manufacturing conditions for electrospinning, we need to better understand the 
effects of these parameters.  
        In this chapter, fine, continuous, uniform diameter ployacrylonitrile (PAN) 
nanofibers without beads were manufactured using electrospinning technique. The effect 
of the electrospinning process parameters on PAN nanofiber diameter was analyzed 
systematically experimentally. 
 
 
2.1 Experimental 
2.1.1 PAN Solution Preparation 
        Because of its good properties, PAN is one of the most extensively used polymers in 
many areas such as in composite fabrics and materials, tissue engineering, protective 
clothing, filtration, and biomedical application [43]. In this study, PAN solution was 
prepared by mixing PAN powder with dimethylformamide (DMF). Both PAN and DMF 
were products of SIGMA-ALDRICH with product numbers 181315 and D158550. 
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Average molecular weight of PAN was 150,000. Solutions were prepared in the range of 
concentrations from 6% to 16%. Corning stirrer hot plate with stirring-level 5 and 
heating-level 2.5 was used and mixing duration was 12 hours. The well dissolved 
solutions were transparent and had a light yellow color as shown in Figure 2.2(b). 
 
 
Figure 2.1: DMF solution (left) and PAN powder (right)  
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(a) 
  
(b) 
Figure 2.2: PAN solution: (a) before stirring and heating; (b) after mixing 
 
2.1.2 Electrospinning Setup 
        The basic setup for electrospinning consists of three major components: a high-
voltage power supply, a spinneret and a collector. The spinneret is connected to syringe 
in which the polymer solution is hosted. With the use of a syringe pump, the solution can 
be fed through the spinneret at a constant and controllable rate.  
        In this study, the setup included a direct current (DC) power supply, a high voltage 
transformer, a syringe with a metallic needle, and a large aluminum plate collector 
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(Figure 2.3). The DC supply was connected to high voltage transformer with the output 
voltage ranging from 0 to 30 kV. Positive high voltage source was used to charge the 
spinneret, whereas the negative voltage was used to charge the collector. The range of 
applied voltage in this study was from 7 kV to 20 kV. The distance between the spinneret 
and the collector was 24 cm. The feed rate of the solution was kept constant at 5 ml/h 
using the controlled syringe micropump.  
 
 
Figure 2.3: Electrospinning setup 
 
 
2.2 Evaluation of Electronspun Nanofiber Morphologies 
        Nanofiber morphologies were examined by scanning electron microscopy (JEOL 
JSM-840A SEM). 
 
24 
 
 
2.2.1 SEM Sample Preparation 
        A piece of nanofiber sheet was adhered onto the SEM stage with conductive tape 
(Figure 2.4). To observe nanofiber clearly, a thin gold layer was deposited on the surface 
of each nanofiber sample. 
 
 
Figure 2.4: SEM samples 
 
 
2.2.2 SEM Images 
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(a) 
  
  
(b) 
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(e) 
  
  
(f) 
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Figure 2.5: SEM images of 10% PAN nanofibers manufactured in (a) 8kV; (b) 9kV; (c) 
10kV; (d) 11kV; (e) 12kV; (f) 13kV 
 
 
 
 
  
  
(a) 
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(f) 
Figure 2.6: SEM images of 11% PAN nanofibers manufactured in (a) 9kV; (b) 10kV; (c) 
11kV; (d) 12kV; (e) 13kV; (f) 14kV 
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(c) 
Figure 2.7: SEM images of 12% PAN nanofibers manufactured in (a) 8kV; (b) 9kV; (c) 
10kV 
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(e) 
Figure 2.8: SEM images of 13% PAN nanofibers manufactured in (a) 11kV; (b) 12kV; (c) 
13kV; (d) 14kV; (e) 15kV 
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Figure 2.9: SEM images of 14% PAN nanofibers manufactured in (a) 9kV; (b) 10kV; (c) 
11kV; (d) 12kV 
 
 
2.3 Electrospinning Parameters 
        There are several parameters which can effect on the electrospinning process and 
resulting nanofibers. These include distance between the needle and collector, solution 
feed rate, solution concentration and applied voltage. Nanofiber diameter can vary 
depending on the nanomanufacturing conditions. 
 
2.3.1 Spinnability and Diameter of PAN Nanofibers in Different Manufacturing 
Conditions 
        In this study, two parameters were fixed. One was the distance between needle and 
collector which was 24 cm. Another was PAN solution feed rate which was 5 ml/h. Two 
parameters were varied. The PAN solution concentration varied form 6 % to 16 % and the 
applied voltage varied from 7 kV to 20 kV. Spinnability and diameters of electrospun 
PAN nanofibers produced in different manufacturing conditions are summarized in Table 
2.1. Average diameters with standard deviations are shown in Table 2.2 to Table 2.6 
respectively. And computed diameter distributions are shown in Appendix. 
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Table 2.1: Spinnability and diameters of electrospun PAN nanofibers fabricated using 
different manufacturing conditions 
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        In the Table 2.1, “Difficult to collect” means liquid jet could not reach the collector 
due to the low applied voltage. When applied voltage was too high, “fluffy fibers” were 
observed. When fibers had some beads as illustrated in Figure 2.10, we considered the 
fibers to be “not good” (for our study). It has been stated that the formation of beads is 
influenced mainly by the viscoelasticity of the solution, charge density carried by the jet, 
and the surface tension of the solution [110].  
 
    
Figure 2.10: Beaded electrospun PAN nanofibers 
 
 
 8kV 9kV 10kV 11kV 12kV 13kV 
Diameter (nm) 680 1370 730 590 480 830 
Standard Deviation 50 460 130 110 60 210 
Table 2.2: Diameter and standard deviation of 10% PAN nanofibers manufactured with 
different applied voltage 
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 9kV 10kV 11kV 12kV 13kV 14kV 
Diameter (nm) 1840 1060 830 1390 1110 1010 
Standard Deviation 170 120 50 90 150 70 
Table 2.3: Diameter and standard deviation of 11% PAN nanofibers manufactured with 
different applied voltage 
 
 
 8kV 9kV 10kV 
Diameter (nm) 2650 1670 1230 
Standard Deviation 290 250 160 
Table 2.4: Diameter and standard deviation of 12% PAN nanofibers manufactured with 
different applied voltage 
 
 
 
 11kV 12kV 13kV 14kV 15kV 
Diameter (nm) 2450 1320 1360 1610 1510 
Standard Deviation 3140 70 50 170 180 
Table 2.5: Diameter and standard deviation of 13% PAN nanofibers manufactured with 
different applied voltage 
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 10kV 11kV 12kV 13kV 
Diameter (nm) 1870 1770 1560 1890 
Standard Deviation 130 70 110 120 
Table 2.6: Diameter and standard deviation of 14% PAN nanofibers manufactured with 
different applied voltage 
 
2.3.2 Effects of Electrospinning Parameters on Nanofiber Diameter 
2.3.2.1 Applied Voltage 
        We manufactured good quality PAN nanofibers with PAN solution concentrations 
ranging from 10% to 14% and found that when keeping other parameters constant, 
diameter of PAN nanofibers decreased when the applied voltage increased.  
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(d) 
 
 
(e) 
Figure 2.11: Effect of applied voltage on nanofiber diameter (a) 10% PAN; (b) 11% PAN; 
(c) 12% PAN; (d) 13% PAN; (e) 14% PAN 
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2.3.2.2 PAN Solution Concentration 
        We manufactured good quality PAN nanofibers under applied voltage ranging from 
9 kV to 13 kV and found that when keeping other parameters constant, diameter of PAN 
nanofiber increased as PAN solution concentration increased.  
 
 
(a) 
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(b) 
 
 
 
(c) 
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(d) 
 
 
(e) 
Figure 2.12: Effect of PAN solution concentration on nanofiber diameter (a) 9kV; (b) 
10kV; (c) 11kV; (d) 12kV; (e) 13kV 
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2.4 Thermal Analysis of Electrospun Nanofibers 
        Thermogravimetric analysis was used to determine residual solvent concentration in 
electrospun nanofibers. The Perkin-Elmer Pyris TGA-7 shown in Figure 2.13 was used 
for thermogravimetric analysis. 
 
Figure 2.13: The Perkin-Elmer Pyris TGA-7 
 
    The following testing method was used in this analysis: 
1. Hold for 10 min at 25°C 
2. Heat from 25°C to 100°C at 10°C/min 
3. Heat from 100°C to 250°C at 2°C/min 
4. Cool from 250°C to 25°C at 20°C/mi 
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        We selected electrospun PAN nanofiber manufactured in 12 kV and with 10% PAN 
solution as our samples in this test. Manufacturing conditions are shown in Table 2.7. 
Because PAN nanofibers manufactured in these conditions have the smallest diameter 
and smallest standard deviation. According to the previous diameter studies, average 
diameter of the PAN nanofiber was 480 nm with standard deviation 58 nm. 
 
        These selected electrospun PAN nanofibers with manufacturing conditions shown in 
Table 2.7 were further used in the experimental research described in Chapters 3 and 4 
below. 
 
Distance between Needle and Collector 24 cm 
Speed of Jet 5 ml/h 
PAN Solution Concentration 10% 
Applied Voltage 12 kV 
Table 2.7: Manufacturing conditions of electrospun PAN nanofibers tested in TGA 
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Figure 2.14: SEM image of electrospun PAN nanofibers tested in TGA  
 
        TG curves of as-spun electrospun PAN nanofibers recorded in nitrogen atmosphere 
are shown in Figure 2.16. 
 
 
(a) 
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(b) 
 
 
(c) 
Figure 2.15: TGA curves of selected electrospun PAN nanofibers 
 
        The average weight percentage of solvent is 3.69% with standard deviation 0.05% as 
shown in Figure 2.15. There are 3.69% solvent (DMF) in PAN as-spun nanofibers. So, 
the portion of PAN is 100% - 3.69% = 96.31%. Therefore, we can find that the PAN 
nanofiber has extremely small amount of residual solvent (DMF). 
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2.5 Conclusions 
        In this chapter, continuous, uniform diameter PAN nanofibers were manufactured 
using electrospinning technique. Systematic experimental studies of the effects of process 
parameters on nanofiber spinnability and diameter were conducted. Range of parameters 
producing good quality fibers was identified. The following conclusions are drawn based 
on these studies: 
 Higher applied voltage and lower PAN solution concentration produced 
electrospun nanofibers with smaller diameters. 
 Thermal analysis showed that a small amount of solvent (3.69%) was present in 
PAN nanofibers. 
        Best processing conditions were selected for the subsequent studies described in the 
following chapters. 
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CHAPTER 3  
PAN NANOFIBER NETWORKS 
 
 
3.1 Aligned Nanofibers Manufacturing 
        In many applications, well aligned and highly ordered materials are required. It is 
therefore desirable to control the orientation of nanofibers. Our group has been involved 
in related research topics since 1999. Aligned nanofibers were successfully collected by 
several methods, including the gap method utilized further in this Chapter. 
        In the gap method setup for manufacturing aligned PAN nanofibers, the single 
collector used in Chapter 2 was replaced by two plates (Figure 3.1). All other devices 
were the same as in the electrospnning setup for random PAN nanofibers production 
described in Chapter 2. An example of aligned PAN nanofibers is given in Figure 3.2. 
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Figure 3.1: Electrospinning setup for manufacturing aligned PAN nanofibers 
 
 
 
Figure 3.2: An example of aligned PAN nanofibers produced by the gap method 
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3.2 Effects of Electrospinning Parameters 
        In this research, effects of two manufacturing parameters were investigated: one was 
collector gap size and another was manufacturing duration. 
 
3.2.1 Effect of Collector Gap Size on Diameter and Orientation of Aligned Nanofibers 
        The gap size between two collector parts can vary in the electrospinning process for 
manufacturing aligned nanofibers. In general, both diameters and orientation of 
nanofibers can be affected. Variation of these two outputs with the gap size is examined 
separately below. 
 
3.2.1.1 Effect of Collector Gap Size on Aligned Nanofibers Diameter  
        In this study, gap size between the two collector parts was varied in the range from 
2cm to 6cm. All other process parameters were kept constant (Table 3.1). Resulting PAN 
nanofibers were examined by SEM, their diameters were measured, and diameter 
distributions computed. 
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Distance between Needle and Collector 24 cm 
Solution Feed Rate 5 ml/h 
PAN Solution Concentration 10% 
Applied Voltage 12 kV 
Manufacturing Duration 1 hour 
Collector Gap Size 2 cm to 6 cm 
Table 3.1: Manufacturing conditions for aligned PAN nanofibers 
 
        SEM images of aligned PAN nanofibers manufactured with different gap size are 
shown in Figures 3.3 to 3.7. More than 200 nanofibers were measured for diameters of 
each gap size. Computed diameter distributions are presented in Figures 3.8 to 3.12.  
 
  
Figure 3.3: SEM images of aligned PAN nanofibers manufactured with 2cm gap size 
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Figure 3.4: SEM images of aligned PAN nanofibers manufactured with 3cm gap size 
 
  
Figure 3.5: SEM images of aligned PAN nanofibers manufactured with 4cm gap size 
 
  
Figure 3.6: SEM images of aligned PAN nanofibers manufactured with 5cm gap size 
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Figure 3.7: SEM images of aligned PAN nanofibers manufactured with 6cm gap size 
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Figure 3.8: Diameter distribution of aligned PAN nanofibers manufactured with 2cm gap 
size 
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Figure 3.9: Diameter distribution of aligned PAN nanofibers manufactured with 3cm gap 
size 
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Figure 3.10: Diameter distribution of aligned PAN nanofibers manufactured with 4cm 
gap size 
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Figure 3.11: Diameter distribution of aligned PAN nanofibers manufactured with 5cm 
gap size 
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Figure 3.12: Diameter distribution of aligned PAN nanofibers manufactured with 6cm 
gap size 
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        Average diameters and corresponding standard deviations are given in Table 3.2. As 
the gap size between the two collector parts increased, aligned nanofiber diameter 
increased (Figure 3.13). 
 
 2cm 3cm 4cm 5cm 6cm 
Diameter (nm) 630 640 760 810 850 
Standard Deviation 150 110 300 70 90 
Table 3.2: Average diameter and standard deviation of aligned PAN nanofibers 
manufactured with different gap size 
 
 
Figure 3.13: Diameter of aligned PAN nanofibers manufactured with different gap size  
 
 
3.2.1.2 Effect of Collector Gap Size on Aligned Nanofibers Orientation Distribution 
        Various gap sizes produce different electric field distributions, which can result in 
different degrees of nanofiber alignment. 
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        In the gap methods for manufacturing aligned nanofibers, two rectangular plates act 
as a collector. Most nanofibers would align between the two plates. To determine fiber 
orientation distribution, 0 degree was defined as shown below in Figure 3.14. An example 
SEM image of aligned PAN nanofibers with the 0 direction indicated by an arrow is 
presented in Figure 3.15. 
 
 
Figure 3.14: Schematic definition of 0 degree orientation of aligned nanofibers 
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Figure 3.15: An example of aligned PAN nanofibers with 0 degree direction indicated by 
an arrow 
 
        SEM images similar to the one shown in Figure 3.15 were analyzed and orientation 
distributions of aligned PAN nanofibers manufactured with different gap size were 
calculated. For each gap size, more than 250 nanofibers were measured to get the 
orientation distribution. The results are presented in Figures 3.16 to 3.20.  
        Based on the analysis of SEM imagines, we found that nanofiber alignment 
increased with the increasing gap size. A quantitative evaluation of nanofiber alignment 
would be introduced in section 3.2.3. 
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Figure 3.16: SEM image and orientation distribution of aligned PAN nanofibers 
manufactured with 2cm gap  
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Figure 3.17: SEM image and orientation distribution of aligned PAN nanofibers 
manufactured with 3cm gap  
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Figure 3.18: SEM image and orientation distribution of aligned PAN nanofibers 
manufactured with 4cm gap  
 
 
 
-80 -60 -40 -20 0 20 40 60 80
0
10
20
30
40
50
60
70
A
m
o
u
n
t 
(%
)
Theta (degree)
 
Figure 3.19: SEM image and orientation distribution of aligned PAN nanofibers 
manufactured with 5cm gap  
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Figure 3.20: SEM image and orientation distribution of aligned PAN nanofibers 
manufactured with 6cm gap  
 
3.2.2 Effect of Manufacturing Duration on Aligned Nanofiber Orientation 
        Due to non-perfect conductivity of electrospun nanofibers, they carry residual 
charges after deposition onto collector. These residual charges will interact with the 
charges carried by the upcoming jets/fibers during continuous deposition. These charge 
interactions can disturb the static external electric field configuration and can reduce the 
resulting nanofiber alignment. So far, no published work was found to study the 
relationship between manufacturing duration and nanofiber alignment. 
        SEM images of aligned PAN nanofibers manufactured in 1 hour and 2 hours are 
presented in Figure 3.21. Comparison shows that when other parameters are kept 
constant, increased manufacturing duration results in significantly reduced alignment. 
Quantitative evaluation of nanofiber alignment will be performed in section 3.2.3. 
 
 
0 degree 
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Distance between Needle and Collector 24 cm 
Solution Feed Rate 5 ml/h 
PAN Solution Concentration 10% 
Applied Voltage 12 kV 
Manufacturing Duration 1 hour & 2 hours, respectively 
Collector Gap Size 3 cm 
Table 3.3: Manufacturing conditions for aligned PAN nanofibers 
 
   
Figure 3.21: SEM image of aligned PAN nanofibers manufactured in 1 hour (left) and 2 
hours (right) 
 
3.2.3 Calculation of Orientation Parameters [103,107] 
        The orientation of fibers can be described by fiber orientation distribution function 
)( . This function defined as the probability, P, of finding a fiber between 1  and 2  is 
given by 
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


dP 
2
1
)()( 21  
        In order to describe the orientation of nanofibers quantitatively, two orientation 
parameters were introduced:  
1cos2 2  Pf  
  5/3cos8 4  Pg  
where                                       

dmm   0 )(coscos            m=2,4 
        These orientation parameters vary from Pf = Pg = 1 for perfect alignment of 
nanofibers to Pf = Pg = 0 for random nanofiber distribution. 
        Orientation parameters, Pf  and Pg , calculated based on experimental observations 
are shown in Table 3.4 and Table 3.5. Orientation parameters increased with the 
increasing gap size. Conversely, orientation parameters decreased with the increasing 
manufacturing duration. These results matched the qualitative observation on SEM 
images in 3.2.1.2 and 3.2.2.   
 
 2 cm 3 cm 4 cm 5 cm 6 cm 
Pf  0.9343 0.9598 0.9699 0.9643 0.9787 
Pg  0.9014 0.9384 0.9535 0.9446 0.9664 
Table 3.4: Pf  and Pg  values of aligned nanofibers with different manufacturing gap size 
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Figure 3.22: Pf  values of aligned nanofibers with different manufacturing gap size 
 
 
Figure 3.23: Pg  values of aligned nanofibers with different manufacturing gap size 
 
 1 hour 2 hours 
Pf  0.9598 0.8265 
Pg  0.9384 0.7540 
Table 3.5: Pf  and Pg  values of aligned nanofibers with different manufacturing duration 
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3.3 Equivalent Thickness Measurement of Polymer Nanofiber Sheet 
        The thickness of nanofiber sheets is in the micron scale. It is challenging to measure 
it as the nanofiber layer is soft and the boundaries of the sheet are not well defined for 
application of optical methods. At the same time, sheet thickness is necessary for 
evaluation of mechanical characteristics, such as average macroscopic stress. In this 
research, equivalent thickness of polymer layer was introduced and used for that purpose. 
This parameter was calculated using following equation: 
PAN
areaweight
t

/
  
where     t is equivalent (solid) thickness of PAN nanofiber sheet 
              PAN  is density of PAN powder 
 
        weight/area ratio of aligned PAN nanofiber sheet manufactured in 1 hour was 
0.778*10-6 g/mm2  
        weight/area ratio of aligned PAN nanofiber sheet manufactured in 2 hours was 
1.600*10-6 g/mm2 
        Computed equivalent thickness of aligned nanofiber networks is presented in Table 
3.6. 
     
        These results were applied to determine cross-sectional area for stress analysis in the 
following tensile testing study.  
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 1 hour 2 hours 
weight/area (g/mm2) 0.778*10-6 1.600*10-6 
thickness (mm) 0.662*10-3 1.362*10-3 
Table 3.6: Weight/area and computed equivalent thickness of aligned PAN nanofibers 
manufactured during different durations 
 
 
3.4 Mechanical Properties of PAN Nanofibers 
3.4.1 Tensile Testing 
        The NANO UTM Testing System shown in Figure 3.24 was used in the tensile 
testing. This universal testing machine (UTM) provides a superior means of 
nanomechanical characterization. This state-of-the-art UTM offers high sensitivity over a 
large strain. Mechanical properties such as strain, tensile strength and yield stress, were 
captured. The system software allowed real-time experimental data analysis and 
visualization. 
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Figure 3.24: NANO UTM Testing System by Agilent 
 
        Same loading conditions were applied in all tensile testing by using UTM, as shown 
in Table 3.7. 
Delta Extension for Data 0.01 mm 
Strain Rate 5*10-3 1/s 
Relaxation Hold Time 5 s 
Nominal Gage Length 15 mm for networks 
Tension Trigger 5 uN 
Max. Strain 3 mm/mm 
Table 3.7: Loading conditions of UTM tests 
 
        In the following study, single PAN nanofibers, aligned PAN nanofiber networks and 
random PAN nanofiber networks were tested to compare their mechanical properties.  
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3.4.2 Single PAN Nanofiber Testing 
        Manufacturing conditions for single nanofiber are shown in Table 3.8.  
Distance between Needle and Collector 24 cm 
Solution Feed Rate 5 ml/h 
PAN Solution Concentration 10% 
Applied Voltage 12 kV 
Table 3.8: Manufacturing conditions for single PAN nanofiber 
 
        40 tests were applied to calculate the average and standard deviation. 
 Strength (MPa) Young’s Modulus 
(MPa) 
Toughness (MPa) 
Average 21.5 815.1 8.9 
Standard Deviation 2.4 217.3 3.1 
Table 3.9: Mechanical properties of single PAN nanofiber 
 
        Strain-Stress curves: 
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Figure 3.25: Representative strain-stress curves of single PAN nanofibers 
 
        SEM images were used to determine diameters of single nanofibers. 
 
(a) 
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(b) 
Figure 3.26: SEM images of single PAN nanofibers with diameters: (a) 420 nm (b) 375 
nm 
 
        As presented in Figure 3.27, strength of single nanofiber increased, when nanofiber 
diameter decreased.  
 
Figure 3.27: Effect of single nanofiber diameter on strength 
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3.4.3 Aligned PAN Nanofiber Network Testing 
        In this study, aligned PAN nanofiber networks manufactured in 1 hour and 2 hours 
respectively were tested. These were the same networks in previous section 3.2.2. Same 
manufacturing and testing conditions were applied for two types of nanofiber sheets. 
Figure 3.34 illustrates the process of tensile testing using UTM. 
 
  
  
Figure 3.28: Tensile testing of aligned PAN nanofibers 
 
3.4.3.1 Fiber Network Manufactured in 1 Hour 
        Tensile testing results of aligned nanofiber network are presented in Table 3.10. 50 
tests were applied to calculate the average and standard deviation. Strain-stress curves are 
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shown in Figure 3.29. 
 
 Strength (MPa) Young’s Modulus 
(MPa) 
Toughness (MPa) 
Average 20.9 541.4 9.4 
Standard Deviation 3.0 102.8 2.3 
Table 3.10: Mechanical properties of aligned PAN nanofiber network manufactured in 1 
hour 
 
        Strain-Stress curves: 
  
  
Figure 3.29: Representative strain-stress curves of aligned PAN nanofiber network 
manufactured in 1 hour 
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3.4.3.2 Fiber Network Manufactured in 2 Hours 
        Tensile testing results of aligned nanofiber network are presented in Table 3.11. 40 
tests were applied to calculate the average and standard deviation. Strain-stress curves are 
shown in Figure 3.36. 
 
 Strength (MPa) Young’s Modulus 
(MPa) 
Toughness (MPa) 
Average 17.9 329.6 13.2 
Standard Deviation 3.3 67.9 2.4 
Table 3.11: Mechanical properties of aligned PAN nanofiber network manufactured in 2 
hours 
 
        Strain-Stress curves: 
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Figure 3.30: Representative strain-stress curves of aligned PAN nanofiber network 
manufactured in 2 hours 
 
3.4.4 Random Nanofiber Networks 
        Manufacturing conditions for random nanofibers networks are shown in Table 3.12. 
Manufacturing conditions were the same as for single nanofibers and aligned nanofiber 
networks fabrication.  
 
Distance between Needle and Collector 24 cm 
Solution Feed Rate 5 ml/h 
PAN Solution Concentration 10% 
Applied Voltage 12 kV 
Table 3.12: Manufacturing conditions for random PAN nanofiber network 
 
      SEM images of tested random nanofiber network are shown in Figure 3.31. Average 
diameter of nanofiber is 480 nm with standard deviation 60. 
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Figure 3.31: SEM images of random PAN nanofiber network 
 
 
    
  
Figure 3.32: Tensile testing of random PAN nanofiber network 
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Tensile testing results for random nanofiber network are presented in Table 3.13. 40 
tests were applied to calculate the average and standard deviation. Strain-stress curves are 
shown in Figure 3.33. 
 
 Strength (MPa) Young’s Modulus 
(MPa) 
Toughness (MPa) 
Average 9.9 150.1 14.0 
Standard Deviation 2.4 72.6 3.2 
Table 3.13: Mechanical properties of random PAN nanofiber network 
 
        Strain-Stress curves: 
  
  
Figure 3.33: Representative strain-stress curves of random PAN nanofiber network 
83 
 
 
3.4.5 Comparison of Mechanical Properties of Nanofiber Networks 
        Tensile testing results are presented in Table 3.14 for three types of nanofiber 
networks. Aligned nanofiber network manufactured in 1 hour has the highest value of 
strength and Young’s modulus, while lowest value of toughness. On the contrary, random 
nanofiber network has the highest value in toughness, but lowest value in both strength 
and Young’s modulus.  
 
 Strength (MPa) Young’s Modulus 
(MPa) 
Toughness (MPa) 
Aligned – 1hour 20.9 541.4 9.4 
Aligned – 2hours 17.9 329.6 13.2 
Random 9.9 150.1 14.0 
Table 3.14: Mechanical properties of aligned (manufactured in 1 hour and 2 hours) and 
random PAN nanofiber network 
 
 
Figure 3.34: Strength of aligned (manufactured in 1 hour and 2 hours) and random PAN 
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nanofiber network 
 
 
 
Figure 3.35: Young’s Modulus of aligned (manufactured in 1 hour and 2 hours) and 
random PAN nanofiber network 
 
 
 
Figure 3.36: Toughness of aligned (manufactured in 1 hour and 2 hours) and random 
PAN nanofiber network 
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3.5 Conclusions 
        In this chapter, aligned electrospun PAN nanofibers were manufactured using gap 
method. Effects of manufacturing parameters on nanofiber diameters and alignment were 
studied. Mechanical properties of single nanofibers and nanofiber networks were 
evaluated by tensile testing using NANO UTM nanomechanics testing system. Main 
conclusions are as follows: 
 Smaller gap distance between two collectors resulted in smaller diameters of 
aligned nanofibers. 
 Nanofiber alignment decreased with the gap size decrease or manufacturing 
duration increase. 
 Aligned PAN nanofiber networks had highest mechanical strength and modulus 
along the fiber direction. However, random network exhibited highest toughness.  
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CHAPTER 4  
PAN NANOFIBER REINFORCED COMPOSITES 
 
 
4.1 Composites Manufacturing 
4.1.1 Materials 
In this study, nanofibers were used as nanoreinforcement in polymer composites. 
Epoxy Resin EPON 828 was used as a matrix for composite fabrication. This resin has 
extended curing cycle and moderate viscosity. Jeffamine D-400 was used as curing agent 
[29]. The weight ratio of EPON Resin 828 and Jeffamine D-400 was 5/3. For example, 5 
g EPON Resin 828 mixed with 3 g Jeffamine D-400. Corning stirrer with stirring-level 1 
and no heat was used for 30 minutes to mix the matrix components. 
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Figure 4.1: Jeffamine D-400 (left) and EPON Resin 828 (right) 
 
4.1.2 Molding 
        Nanocomposites were manufactured by curing nanofiber sheets infiltrated by liquid 
epoxy resin. The process started with assembling a molding stack consisting of a layer of 
release film, infiltrated PAN nanofiber sheets, and another layer of release film. In this 
study, Teflon films were used as release films. Number of nanofiber sheets was 2 for 
random and 10 for aligned nanofiber reinforced composites.  
 
 
release film 
nanofiber sheets with matix 
release film 
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4.1.3 Curing Cycle 
The Hot-Press: CARVER (model 2699, S/N 2699-126; CARVER, INC) shown in 
Figure 4.2 was used for curing.   
 
 
Figure 4.2: Hot-Press: CARVER; model 2699, S/N 2699-126 
 
        In the manufacturing process, the following curing sequence was used. 
(1) Assemble the infiltrated nanofiber sheets and insert the stack into the hot-press. 
(2) Turn air and vacuum on to establish the contact pressure of 75 psi. 
(3) Set the temperature to 176 F. 
(4) When 176 F is reached, wait for 2 hours. 
(5) Ramp temperature to 248 F. 
(6) When 248 F is reached, wait for 2 hours. 
(7) Turn off the heat, air and vacuum. 
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(8) Remove the composite the next day. 
 
4.1.4 PAN Nanofiber Reinforced Composites 
4.1.4.1 Aligned PAN Nanofiber Reinforced Composites 
In the aligned PAN nanofiber reinforced composites, aligned PAN nanofibers were 
used as reinforcement material. The manufacturing conditions for the aligned PAN 
nanofibers are shown in Table 4.1.  
 
Distance between Needle and Collector 24 cm 
Solution Feed Rate 5 ml/h 
PAN Solution Concentration 10% 
Applied Voltage 12 kV 
Manufacturing Duration 1 hour 
Collector Gap Distance 3 cm 
Table 4.1: Manufacturing conditions for aligned PAN nanofibers 
 
    The molding stack for manufacturing aligned PAN nanofiber reinforced composites 
was:      
 
release film 
aligned nanofiber sheets with matix 
release film 
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        An example of aligned PAN nanofiber reinforced composites is shown in Figure 4.3. 
The sample is a thin film (Average of thickness was 0.146 mm), nearly transparent. 
 
 
Figure 4.3: Example of aligned PAN nanofiber reinforced composites 
 
4.1.4.2 Random PAN Nanofiber Reinforced Composites 
In the random PAN nanofiber reinforced composites, random PAN nanofibers were 
used as reinforcement material. The manufacturing conditions of the random PAN 
nanofiber are shown in Table 4.2 below.     
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Distance between Needle and Collector 24 cm 
Speed of Jet 5 ml/h 
PAN Solution Concentration 10% 
Applied Voltage 12 kV 
Manufacturing Duration 30 min 
Table 4.2: Manufacturing conditions of random PAN nanofibers 
 
        The molding stack for manufacturing random PAN nanofiber reinforced composites 
was: 
 
 
An example of random PAN nanofiber reinforced composite is shown in Figure 4.4. 
The sample was a thin film (Average thickness was 0.197 mm), nearly transparent similar 
to the aligned PAN nanofiber reinforced composite shown previously in Figure 4.3. 
 
release film 
random nanofiber sheets with matix 
release film 
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Figure 4.4: Example of random PAN nanofiber reinforced composites 
 
 
4.2 Evaluation of Fiber Mass Fraction: Vm 
        Fiber mass fraction is the weight of fiber in a cured composite. It is one of the most 
important factors which determine the mechanical characteristics of a composite material.  
        In this research, the fiber volume fraction was calculated as: 
 
        Vm = (weight/area of nanofibers) / (weight/area of composites) 
 
        Weight/area ratios for PAN nanofibers and composites were measured on at least 
twenty samples and average values were calculated.  
        For aligned PAN nanofiber reinforced composites, the average weight/area of 
nanofibers was 7.778*10-6g/mm2, and the average weight/area of composites was 
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1.429*10-4 g/mm2. So, according to the formula, Vm = 5.44% was obtained. 
        For random PAN nanofiber reinforced composites, the average weight/area of 
nanofibers was 4.784*10-6 g/mm2, and the average weight/area of composites was 
2.206880*10-4 g/mm2. So, Vm = 2.39% for random PAN nanofiber reinforced composites. 
        In this study, aligned and random PAN nanofiber reinforced composites were 
manufactured under the same manufacturing conditions, however, aligned nanofiber 
reinforced composites had higher fiber mass fraction than random nanofiber reinforced 
composites. The difference is most likely due to the difference in packing density of the 
two nanofiber families. It was shown that aligned fibers have higher packing density (and 
volume fraction in composites) compared to random fibers. [104,105] 
 
 
4.3 Fracture Analysis of PAN Nanofiber Reinforced Composites 
        Opening or Peel Mode (Mode I), Forward Sliding Shear Mode (Mode II) and 
Tearing Mode (Mode III), are three basic fracture modes (Figure 4.5).  
 
 
Figure 4.5: Fracture modes 
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Double edge notch test [106] was used in this fracture analysis, which is Mode I test. 
The specimen in the test is shown in Figure 4.6.   
 
 
Figure 4.6: Double edge notch test specimen [106] 
 
        In this test, Critical Stress Intensity Factor KI can be calculated as 
                      )/(*max baFaKI   
where   
b
a
a
b
baF
2
tan
2
)/(



 
The stress is in the cross-section between two notches. 
 
I. Numerical values of F(a/b)  
        Bowie’s results (h/b = 3.0, mapping function method) have 1% accuracy and 
Yamamoto’s results (h/b = 2.75, finite element method) have 0.5% accuracy for 0.2 < a/b 
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< 0.9 (Figure 4.7). (Bowie 1964a, Yamamoto 1972) 
II. Empirical Formulas 
        The following review of empirical models lists the proposed formulas and presents 
brief evaluation of their a) Accuracy and b) Method of derivation and reference.  
 
b
a
a
b
baF
2
tan
2
)/(



 
        a. Better than 5% for a/b > 0.4 
b. Approximation by periodic crack solution, Irwin 1957 
 
32 )/(930.1)/(197.1)/(203.012.1)/( babababaF   
a. Better than 2% for a/b < 0.7 
b. Least square fitting to Bowie’s results, Brown 1966 
 
ba
bababa
baF
/1
)/(091.0)/(015.0)/(561.0122.1
)/(
32


  
a. Better than 2% for any a/b 
b. Asymptotic Approximation, Benthem 1972 
 
b
a
a
b
b
a
baF
2
tan
2
)
2
cos122.01()/( 4



  
a. 0.5% for any a/b 
b. Modification of Irwin’s interpolation formula, Tada 1973 
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ba
babababa
baF
/1
)/(190.0)/(471.0)/(205.0)/(561.0122.1
)/(
432


  
a. 0.5% for any a/b 
b. Modification of Benthem’s formula, Tada 1973 
 
4.3.1 Selected Specimen Geometry and Data Reduction Method 
The specimen was designed as shown in Figure 4.7 (left). Specimens were cut by an 
extremely sharp scissors. Compare to Figure 4.6, in the specimen, a = 2 mm, b = 4 mm. A 
sample of testing specimen is shown in Figure 4.7 (right). 
 
   
Figure 4.7: Specimen design of double edge notch test (left) and an experimental sample 
(right) 
 
        For selected specimen with a = 2 mm and b = 4 mm, the value of F(a/b) was 
calculated as 
 
8 mm 
20 mm  
2 mm 
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The value of Critical Stress Intensity Factor KI was further calculated as 
)/(*max baFaKI   
max
3
max 089443.0)/(*)10*2(*  
 baF  
 
4.3.2 Tensile Testing 
        The tensile testing of nanofiber reinforcement composites specimens was performed 
using computerized MICROTEST 200N tensile stage (Figure 4.8) by Deben UK Limited.  
 
 
Figure 4.8: MICROTEST 200N tensile stage 
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        In this tensile testing, four materials were studied. Aligned PAN nanofiber reinforced 
composites were tested in two directions, i.e. with fibers oriented along the loading 
direction (0-degree or [0]) and in the perpendicular to loading direction (90-degree or 
[90]). The other two materials were random PAN nanofiber reinforced composites and 
pure epoxy made with the matrix used in of composites (Average thickness was 0.214 
mm.). 
    
4.3.3 Fracture Properties of Testing Materials 
        Fracture strength, Young’s modulus and critical stress intensity factor were obtained 
from the tests. 
 
4.3.3.1 [0] nanocomposites 
        At least 20 samples were tested to obtain average of fracture strength, Young’s 
modulus and critical stress intensity factor. 
 
 Fracture Strength 
(MPa) 
Young’s Modulus 
(MPa) 
Critical Stress Intensity Factor 
(MPa*m1/2) 
Average 25.9 1273.9 2.3 
Standard 
Deviation 
8.3 437.2 0.8 
Table 4.3: Fracture properties of [0] nanocomposites 
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        Strain-stress curves of [0] nanocomposites (Figure 4.9) are shown below. 
 
 
 
Figure 4.9: Representative strain-stress curves of [0] nanocomposites 
 
4.3.3.2 [90] nanocomposites 
        At least 20 samples were tested to obtain average of fracture strength, Young’s 
modulus and critical stress intensity factor. 
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Fracture Strength 
(MPa) 
Young’s Modulus 
(MPa) 
Critical Stress Intensity Factor 
(MPa*m1/2) 
Average 10.8 583.1 1.0 
Standard 
Deviation 
2.9 348.4 0.3 
Table 4.4: Fracture properties of [90] nanocomposites 
 
Strain-stress curves of [90] nanocomposites (Figure 4.10) are shown below. 
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Figure 4.10: Representative strain-stress curves of [90] nanocomposites 
 
4.3.3.3 Random Nanofiber Reinforced Composites 
        At least 20 samples were tested to obtain average of fracture strength, Young’s 
modulus and critical stress intensity factor. 
 
 
Fracture Strength 
(MPa) 
Young’s Modulus 
(MPa) 
Critical Stress Intensity Factor 
(MPa*m1/2) 
Average 20.1 971.4 1.8 
Standard 
Deviation 
4.5 246.8 0.4 
Table 4.5: Fracture properties of random nanofiber reinforced composites 
 
Strain-stress curves of random nanofiber reinforced composites (Figure 4.11) are 
shown below. 
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Figure 4.11: Representative strain-stress curves of random nanofiber reinforced 
composites 
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4.3.3.4 Pure Epoxy 
        At least 20 samples were tested to obtain average of fracture strength, Young’s 
modulus and critical stress intensity factor. 
 
 
Fracture Strength 
(MPa) 
Young’s Modulus 
(MPa) 
Critical Stress Intensity Factor 
(MPa*m1/2) 
Average 14.5 608.9 1.3 
Standard 
Deviation 
2.7 262.9 0.3 
Table 4.6: Fracture properties of pure epoxy 
 
Strain-stress curves of pure epoxy (Figure 4.12) are shown below. 
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Figure 4.12: Representative strain-stress curves of pure epoxy 
 
4.3.4 Data Summary and Analysis 
        All data for fracture poperties of four materials are listed in Table 4.7 below. [0] 
nanofiber reinforced composite had the highest fracture properties of the four materials, 
i.e. it had the highest value of fracture strength, Young’s modulus and critical stress 
intensity factor. However, the same composite tested in 90 direction (labeled [90] 
nanofiber reinforced composite) exhibited the lowest mechanical properties. This is 
similar to the existing advanced composites reinforced with conventional fibers. Their 
high mechanical anisotropy necessitates their application in the form of stacked 
composite laminates with unidirectional reinforced plies. Similar approach might be used 
with aligned nanofiber composites. Significant mechanicanical anisotropy of aligned 
nanofiber composites is demonstrated in this work for the first time. Random nanofiber 
reinforced composite had the second highest property values, which were better than the 
properties of the pure epoxy matrix.  
Note that the mass fraction of nanofibers was very low in all nanofiber composites 
tested, compared to the typical high fraction of fibers in conventional composites. This 
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indicates that mechanical properties of nanofiber composites can be further significantly 
improved. In addition, use of optimized nanofibers such as the nanofibers with 
simultaneously high strength, modulus, and toughness that were recently developed by 
Dzenis’ group, holds further promise for high-performance nanofiber reinforced 
composites.  
  
 Fracture Strength 
(MPa) 
Young’s Modulus 
(MPa) 
Critical Stress Intensity Factor 
(MPa*m1/2) 
[0] 25.9 1273.9 2.3 
[90] 10.8 583.1 1.0 
Random 20.1 971.4 1.8 
Pure Epoxy 14.5 608.9 1.3 
Table 4.7: Fracture poperties of [0] nanocomposites, [90] nanocomposites, random 
nanofiber reinforced composites and pure epoxy 
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Figure 4.13: Fracture strength of [0] nanocomposites, [90] nanocomposites, random 
nanofiber reinforced composites and pure epoxy 
 
 
 
 
Figure 4.14: Young’s Modulus of [0] nanocomposites, [90] nanocomposites, random 
nanofiber reinforced composites and pure epoxy 
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Figure 4.15: Critical stress intensity factor of [0] nanocomposites, [90] nanocomposites, 
random nanofiber reinforced composites and pure epoxy 
 
4.3.5 SEM Images of Fracture Surface 
        SEM images of facture surface of [0] nanocomposites, [90] nanocomposites and 
random nanofiber reinforced composites are given in Figure 4.16 (a), (b); Figure 4.17 (a), 
(b) and Figure 4.18 (a), (b), respectively. 
         Figure 4.16 (a) shows nanofibers oriented perpendicular to fracture surface while 
Figure 4.17 (a) shows nanofibers mostly perpendicular to the fracture surface. SEM 
images of random nanofiber composite shown in Figure 4.18 (a) contain a mixture of 
nanofibers with different orientation.  
In Figure 4.16 (b), Figure 4.17 (b) and Figure 4.18 (b), one can find that some 
nanofibers were pulled out from the matrix -- a possible mechanism of toughening.  
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(a) 
  
(b) 
Figure 4.16: SEM images of fracture surface of [0] nanocomposites 
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(a) 
  
(b) 
Figure 4.17: SEM images of fracture surface of [90] nanocomposites 
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 (a)                                                         (b) 
Figure 4.18: SEM images of fracture surface of random nanofiber reinforced composites 
 
 
4.4 Conclusions 
        In this chapter, aligned and random PAN nanofiber reinforced composites were 
manufactured under the same manufacturing conditions. Fiber mass fraction was 
measured. Tensile tests were performed to investigate fracture properties of nanofiber 
reinforced composites. Main conclusions are as follows: 
 Aligned PAN nanofiber reinforced composites had higher value of fiber mass 
fraction compared to random nanofiber composites. 
 PAN nanofibers significantly increased mechanical properties of nanocomposites, 
especially along the fiber direction. All three measured mechanical parameters, 
i.e. strength, modulus, and critical stress intensity factor were the highest for the 
aligned sample in the fiber direction.   
 Mechanical properties in the perpendicular to fiber direction were inferior to those 
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of random nanocomposite and pure matrix. Significant mechanical anisotropy of 
aligned nanofiber reinforced composites demonstrated in this work for the first 
time can be used for tailoring mechanical properties of future nanofiber 
composites and can lead to designs of nanocomposite laminates.  
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CHAPTER 5  
SUMMARY AND CONCLUSIONS 
 
 
Polymeric nanofibers are rapidly finding their place in nanomaterials technology. 
Electrospinning makes it easy to produce various kinds of nanofibers for many different 
applications.  
In this study, continuous, uniform diameter ployacrylonitrile (PAN) nanofibers were 
produced using electrospinning technique. Qualitative and quantitative analysis of 
nanofiber diameters and morphology was conducted by SEM. The effects of the 
electrospinning process parameters on PAN nanofiber diameters were investigated. It was 
shown that higher applied voltage and lower PAN solution concentration resulted in 
electrospun nanofibers with finer diameters. 
Aligned electrospun PAN nanofibers were produced by the gap method. Effects of 
process parameters on PAN nanofiber orientation were investigated. It was shown that 
smaller gap size and longer manufacturing duration led to decreased nanofiber alignment. 
The latter was attributed to the residual charge accumulation in poorly conductive 
nanofibers. Interestingly, the smaller gap size between the two collector parts has also led 
to finer nanofiber diameters. 
Non-linear mechanical properties of single nanofibers, aligned and random 
nanofiber networks were investigated and compared. Aligned PAN nanofiber networks 
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had highest mechanical strength and modulus along the fiber direction. However, random 
network had highest toughness. 
        Aligned and random PAN nanofiber reinforced composites were fabricated. Better 
packing of aligned PAN nanofibers resulted in higher mass fraction of nanofibers in 
aligned reinforced composites. Anisotropic fracture properties of nanocomposites were 
evaluated experimentally for the first time. PAN nanofibers significantly improved 
mechanical properties of nanocomposites with very small fractions of nanoreinforcement.  
The results of this study can be used for further electrospinning process 
optimization. Unique mechanical behavior of nanofibers, nanofiber networks, and 
nanofiber-reinforced composites analyzed and compared in this work for the first time 
will be beneficial to a broad variety of applications and can contribute to the development 
of the next generation structural nanocomposites.  
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APPENDIX: 
DIAMETER DISTRIBUTIONS OF PAN NANOFIBERS 
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(f) 
Figure 6.1: 10% PAN nanofibers manufactured in (a) 8kV; (b) 9kV; (c) 10kV; (d) 11kV; 
(e) 12kV; (f) 13kV 
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(f) 
Figure 6.2: 11% PAN nanofibers manufactured in (a) 9kV; (b) 10kV; (c) 11kV; (d) 12kV; 
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(e) 13kV; (f) 14kV 
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Figure 6.3: 12% PAN nanofibers manufactured in (a) 8kV; (b) 9kV; (c) 10k 
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Figure 6.4: of 13% PAN nanofibers manufactured in (a) 11kV; (b) 12kV; (c) 13kV; (d) 
14kV; (e) 15kV 
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Figure 6.5: Diameter distribution of 14% PAN nanofibers manufactured in (a) 9kV; (b) 
10kV; (c) 11kV; (d) 12kV 
 
 
 
 
 
 
 
 
 
